. These features are phenomenologically consistent with prediction of Brownian motion. In a non-confined 2D geometry, the probability distribution ( , , ) of a free Brownian particle at position ( , ) and at time is described by a Gaussian function 36, 38 . The diffusion coefficient RS can be obtained by calculating the mean-squared displacement (MSD) with the relation among the MSD, RS , and * being given as: 
where ],^ is the position of the skyrmion center in Cartesian coordinates ( , ), * is the time interval between two selected data points.
Eq. (1) suggests that the MSD of a Brownian particle should be linearly proportional to the elapsed time , which agrees well with our simulation results, as shown in Fig. 1 
(b). Note
that following the increase of temperature, the size of the skyrmion increases accordingly in our simulation. This leads to an enhanced skyrmion-edge interaction and skyrmion dissipation in a finite-size sample adopted in our simulation, which are presumably responsible for the nonlinear temperature dependence of diffusion coefficient RS , as shown in Fig. 1 (c). We therefore limit our discussion to a relatively low temperature range of = 0 ~ 120 K. Note that the out-of-plane magnetic fields were applied in both simulations ( d = 1 ~ 4 mT) and experiments ( d = ~2 mT) to maintain a fixed skyrmion size, as well as a single skyrmion state.
Note that we utilized a constant value of 3 in simulation as its change in the experimentally investigated temperature range is negligible.
A theoretical approach based on the stochastic Thiele equation. The quasiparticle nature of skyrmion enables its thermal diffusion to be approximated by considering the motion of its center of mass, in which no distortion is considered. This assumption results in the stochastic LLG equation to be simplified as the stochastic Thiele equation. Subsequently, the diffusion dynamics of a single skyrmion and more importantly, its connection with spin topology will be established 43, 44 . Note that the stochastic Thiele equation also shares a similar form with the Langevin equation 41 , the latter is often utilized to study conventional Brownian particles 38 . The stochastic Thiele equation in the absence of pinning effect reads as 26, 28 :
where = 4 K 3 K ⁄ is the gyrocoupling vector that is related to the spin topology ( ).
is the dissipative tensor that depends on the skyrmion profile 45 . Specifically, = interesting features. First, the probability of the skyrmion appearing at particular locations is larger than at other regions that can be presumably attributed to the deeper pinning potentials created by random distributed defects. Second, an anisotropic diffusion dynamics are also present which we tentatively attribute to the skyrmion-edge interaction, a point will be returned later.
In order to understand the dynamical feature of the skyrmion diffusion, we define a Gaussian distribution, as shown in Fig. 2 (c) .
On the other hand, it is also noted that the full width at half maximum (FWHM) of both given in Fig. 1(a) . Note that when the temperature is larger than a certain threshold (i.e., T > 298 K), static skyrmion phase is unfavorable and accompanied with creation and annihilation of skyrmions by thermal fluctuations, which agrees with recent studies 28 .
Based on the temperature-dependent skyrmion trajectories, the corresponding MSDs and the evolution of diffusion coefficients can be acquired, as shown in Fig. 4 . It shows that the MSDs are almost linearly proportional to time * at relatively low temperatures. However, since the motion of the skyrmion is strongly influenced by pinning, especially at lower temperatures (e.g. T = 282.05 K), the movements by any mechanism other than thermal diffusion will be reflected to the MSD and naturally break the linear correlation. Based on the linear regime of MSD vs. * (the first 15% of the result) 54 , RS at various temperatures for skyrmions with = ±1 can be calculated, as shown in Fig. 4(b) . It can be seen that the evolution of RS − are largely overlapping for = ±1 skyrmion, as suggested by Eq. (4).
In contrast to the exponential dependence of RS − relation from micromagnetic simulation (T < 120 K), a linear RS − relation is experimentally observed in a narrow temperature range (283 K ≤ ≤ 295 K). This discrepancy could arise from the negligible size variation of skyrmion in the studied narrow temperature range, as shown in the inset to Fig. 4(b) .
On the other hand, it is noted that the diffusion coefficient RS obtained near room temperature is about RS = ~ 0.4 × 10 -12 m 2 s -1 , which is much smaller than the value of RS = ~ 3.0 × 10 -8 m 2 s -1 obtained from simulations. We note that the experimentally observed skyrmion radius is approximately 100 times larger than the simulated skyrmion radius, and the diffusion coefficient RS given by Eq. (4) thus rapidly decreases with the increase of skyrmion radius since it contributes significantly to the dissipative tensor . Namely, the diffusion coefficient RS approaches zero as the skyrmion radius approaches infinity. In addition, the random distribution of defects could also influence the diffusion dynamics.
In conventional Brownian motion, the surrounding media provides both driving and 
